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FLOOD HYDROLOGY

FACTORS INFLUENCING THE OCCURRENCE OF FLOODS 
IN A HUMID REGION OF DIVERSE TERRAIN

By MANUEL A. BENSON

ABSTRACT

This report describes relations between flood peaks and hydrologic factors in a 
humid region with limited climatic variation but a diversity of terrain. Statis 
tical multiple-regression techniques have been applied to hydrologic data on 
New England. Many topographic and climatic factors have been evaluatedt 
and their relations to flood peaks have been examined.

Many of the factors that influence flood peaks are interrelated, and part of the 
investigation consisted of determining the m st efficient factor in each of several 
groups of highly interrelated variables. P. ainage area size was found to be the 
most important factor. Main-channel F jpe was found to be next in impor 
tance, and a simple yet efficient ind< v of main-channel slope was developed. 
The surface area of lakes and ponds was found to be a factor significantly in 
fluencing peak discharges. Of several indices tested the intensity of rainfall for 
a given duration and frequency was found to be most highly related to the mag 
nitude of peaks. The increase in peaks caused by snowmelt and frozen ground 
was found to be related to an index of winter temperature the average number 
of degrees below freezing in January.

After the above-mentioned topographic and climatic characteristics had been 
taken into account, there remained deviations in peak discharges that showed an 
evident relation to orographic patterns. An orographic factor was mapped as 
defined by the peak discharges of record. Multiple-regression equations were 
developed that related, with acceptable accuracy, peak discharges of 1.2-to 
300-year recurrence intervals to 6 hydrologic variables; 3 of the variables were 
topographic, 2 climatic, and 1 orographic. The remaining unexplained varia 
tions in flood-peak occurrence are believed attributable to the chance variation 
in storms.

INTBODUCTION

The techniques for predicting or reproducing a hydrograph for a 
specific flood period are fairly well standardized and acceptably reli 
able for many purposes. However, there is much to be learned about 
the definition of generalized flood-frequency relations. The "T-year 
flood" is a statistical concept, used for purposes of engineering plan 
ning and design and for studying geomorphological relations of stream 
pattern and formation. What is required is an adequate explanation

B-l



B-2 FLOOD HYDROLOGY

of the variation in flood frequencies and magnitudes from place to 
place with the physical characteristics and the climatic characteristics 
to be found within any drainage basin.

In order to study the relation of hydrologic characteristics to the 
frequency of floods, some procedure must first be adopted for treating 
flood data so as to determine the frequencies of floods. Therefore, 
as a preliminary to this investigation, a study of alternative methods 
of flood-frequency analysis has been made, the results of which are 
presented in Benson (1962).

Benson (1962) presents a brief history of methods of flood-fre 
quency analysis, proceeding from simple flood formulas to statistical 
methods of flood-frequency analysis on a regional basis. Currently 
used techniques are described and evaluated. Also, the significance 
and predictive values of flood-frequency relations are discussed.

The studies described in Benson (1962) led to the adoption of some 
of the procedures used in the investigations described here. Among 
other things, the decision was made to use graphically drawn flood- 
frequency curves at individual gaging sites, from which to determine 
the floods of various recurrence intervals. Also, it was decided that 
independent studies would be made at the various recurrence inter 
vals, in an attempt to relate hydrologic factors to the floods of those 
levels.

This report describes the study of the relation of hydrologic charac 
teristics to flood peaks within a humid region of the United States. 
On the basis of various criteria, New England was chosen as the study 
region. The mass of hydrologic data on New England provided an 
unprecedented opportunity to study the relations between flood peaks 
and their causative factors. The objective was to examine the rela 
tion of flood peaks with all hydrologic characteristics, both topo 
graphic and climatic, that might be expected to influence the magnitude 
of the peaks and to determine the relative effects of such character 
istics.

Another phase of the overall study is the relation of hydrologic 
characteristics to flood peaks within semiarid and arid regions. This 
phase has not yet been completed.

This study has been made as part of the project on areal flood 
frequency. The project leader was M. A. Benson. The cooperation 
of the following in furnishing data is acknowledged: G. S. Hayes, 
C. E. Knox, and B. L. Bigwood (now retired), district engineers in 
Augusta, Maine, Boston, Mass., and Hartford, Conn., respectively. 
M. T. Thomson conducted the search for historical data which made 
it possible to define the return periods of major floods. D. R. Dawdy, 
J. Davidian, and M. W. Busby, engineers, contributed original ideas 
as well as their labors to the progress of the work.
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CHOICE OF STUDY REGION

The general objective of this study and other related studies to 
follow is to find methods of explaining the variations in flood magni 
tudes and frequencies throughout the range of terrain and climatic 
conditions in the United States so that flood-frequency relations may 
be predicated for any location on any stream. In general, the physical 
characteristics of an area are more tangible and more easily evaluated 
than the climatic conditions. It was decided that the first attack on 
this problem should be made not on a nationwide basis but within a 
region of relatively homogeneous climate. This would to some extent 
negate the extreme variations possible from climatic differences and 
enable a better analysis of the effects of topographic factors. It was 
also necessary that the study region chosen should have adequate base 
data on flood peaks, topography, and climate. As the New England 
area met these needs and, in addition, provided a considerable range 
in topographic variables, it was chosen as the region to be studied. 
Findings for New England are thought to be representative of other 
humid areas.

PREVIOUS FLOOD STUDIES IN NEW ENGLAND

New England is a densely populated, highly industrialized area. 
Many industries use water for power and for other purposes in the 
manufacturing process. Because industries and residences are located 
close to streams and, in fact, encroach at many places on the flood 
plains, major floods exact a large toll in lives and property damage. 
For this reason people in New England have shown an intense interest 
in the field of flood analysis. Many engineers in New England pi 
oneered in the development of hydrograph analysis and flood formulas.

The Boston Society of Civil Engineers, through its Committee on 
Floods, published two famous reports in its journal those of Sep 
tember 1930 and January 1942. In the 1930 report, recommendations 
were made for computing design floods at individual sites based on 
previous flood experience at each site. The conclusion was reached 
that
* * * the flood situation at any point on any stream presents a problem of its 
own. No general formula can be of universal application. It is only by special 
study of all the data, and the conditions for the point under consideration, and 
comparison with floods on similar streams that the best results can be obtained.

The 1942 report elaborated on the methods of using unit hydro- 
graphs to improve the prediction of floods. The committee also 
investigated the frequency curves obtained by applying various theo 
retical probability distributions to the data. It concluded that 
results ranged widely between the various methods and that none of 
them was a reliable basis for prediction beyond the period of record.
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Kinnison and Colby (1945) made a study of the relation of flood 
peaks to drainage-basin characteristics in Massachusetts. In many 
respects the general methods used were similar to those of the present 
study. Separate formulas were derived for minor, major, and rare 
flood peaks.

The New England-New York Interagency Committee (1955) tab 
ulated flood-frequency data for 196 stream-gaging stations in New 
England. The methods used followed the practices of the Corps of 
Engineers. For each station, the mean and standard deviation of 
the logarithms of annual flood peaks were computed. The skew co 
efficients were computed for 20 of the principal long-record stations. 
The results were not generalized so as to furnish flood-frequency in 
formation for ungaged sites directly. The recommendation was, 
"Where necessary, flood-frequency curves for ungaged areas may be 
derived by interpolation of data, or selection of a nearby station for 
correlation." The stations for which the flood-frequency parameters 
were tabulated are affected in widely varying degrees by artificial 
regulation.

Bigwood and Thomas (1955) and Bigwood (1957) developed a flood- 
flow formula for Connecticut. The index-flood method (Dalrymple, 
1960) was used to develop flood-frequency relations of general appli 
cation within Connecticut.

DATA AVAILABLE IN NEW ENGLAND

Records of streamflow and precipitation in New England are as 
numerous and as long as those of any other region of the United States. 
Historical flood data of New England are probably more numerous, 
than those of any other region. New England is completely mapped 
topographically. In addition, a great deal of work had already been 
done in compiling topographic characteristics of New England drain 
age basins. Various precipitation data for New England have already 
been published in special reports of the U.S. Weather Bureau, in 
cluding a recent report covering precipitation intensity-frequency 
relations. Thus data on peak flow and those needed for defining hy- 
drologic characteristics were deemed adequate for the use of multiple- 
correlation techniques that were planned.

PEAK-mSCHARQE DATA

Records of stage and discharge are being collected at many gaging 
sites in New England. The Geological Survey currently operates 
most of the stream-gaging stations. The earliest records were main 
tained by private or municipal organizations in connection with water-
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power or municipal water supplies, and many streamflow records are 
still being collected by such agencies. In 1955, 10 or more years of 
record were available at 254 sites. Of these records, 51 percent are 
between 10 and 25 years in length, 41 percent between 26 and 50 years, 
5 percent between 51 and 60 years, and 3 percent between 61 and 100 
years.

In addition to the records of peak discharge collected at gaging 
stations, a considerable amount of information is available to extend 
the background of flood experience. At times of extraordinary floods, 
peak discharges have been computed or estimated at many sites by 
interested parties. Some peak flows were measured directly, others 
were determined by computing the flows through slope-area reaches or 
over the numerous dams found in New England, or by other methods.

Information on peak discharge and other hydrologic information on 
the most notable floods in New England have been published in special 
flood reports (Grover, 1937;Kinnison, 1929: Kinnison and others, 1938; 
Paulsen, 1940; Stackpole, 1946; U.S. Geol. Survey, 1947, 1952, and 
1956).

Records of annual peak discharges for all gaging stations currently 
or previously operated, through 1950, are published in the Geological 
Survey series, "Compilation of records of surface waters of the United 
States through September 1950," (U.S. Geol. Survey, 1954, 1958, 
1960). Data for subsequent years are available in the annual series of 
Water-Supply Papers. Information on New England is contained in 
parts 1-A, 1-B, and 4 in the above-mentioned series.

HISTORICAL FLOOD DATA

A large amount of historical data on floods could be obtained in 
New England because it was settled long ago and because the residents 
kept records of events of interest. Large floods which kill people or 
livestock and which destroy crops or manmade structures are likely to 
be recorded in many ways. Personal diaries, church records, mill 
records, newspapers, and town histories frequently contain accounts of 
outstanding floods. Such references are most useful when information 
is given comparing the current flood heights with past events or re 
lating the elevation of the peak stage to the level of gome structure or 
feature of the landscape. Sometimes, information is retained only in 
memory and may be passed on from generation to generation. In such 
form it is most vulnerable to human error, but if confirmed by more 
than one source, it may prove to be reliable and is often invaluable.

Previous studies of historical flood data on New England had been 
limited in extent. An extensive study was made during the summer 
of 1957 as part of this investigation. The study involved a search of
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recorded material as well as field reconnaissance and interviews with 
hundreds of residents (usually the oldest) along the riverbanks. De 
tails and results of this investigation are described by M. T. Thomson 
(written communication, 1959).

The importance of such an investigation for extending flood know 
ledge, and hence the period of time on which the frequencies of floods 
are determined, cannot be overemphasized. Insofar as flood frequen 
cies are concerned, the historical flood data may be more important 
than data collected during 50 years of a recent period of gaging-station 
operation. The time base may be increased manyfold, and in this 
study it was increased from 50 to 200 or even 300 years.

TOPOGRAPHIC DATA

New England is completely mapped on topographic quadrangle 
sheets, at scales of 1:62,500, 1:31,680, or 1:24,000. Maps with those 
scales show sufficient detail to permit detection and measurement of 
topographic characteristics ordinarily considered as related to flood 
peaks. A large number of such variables for many drainage basins 
within New England and elsewhere have been abstracted and compiled 
by Langbein and others (1947). Other variables have been com 
puted during the course of this study. Details of all the topographic 
variables investigated are discussed later under "Topographic 
characteristics."

MBTBOKOLOGIC DATA

The U.S. Weather Bureau has prepared special reports summariz 
ing several generalized precipitation factors in New England. Data 
on station precipitation for 1-, 2-, 3-, 6-, 12-, and 24-hour periods are 
published for many stations in New England (U.S. Weather Bureau, 
1954).

A U.S. Weather Bureau report (1952) presents a "Generalized 
Estimate of Maximum Possible Precipitation Over New England and 
New York." Knox and Nordenson (1955) show detailed maps of 
mean annual precipitation and runoff by means of contours. Mean 
annual precipitation by drainage basins was furnished by Mr. T. 
J. Nordenson of the U.S. Weather Bureau for use in this study. 
Messrs. W. T. Wilson and D. M. Hershfield provided advance infor 
mation from the U.S. Weather Bureau (1959). The Weather Bureau 
also supplied figures for average monthly rainfall for all New England 
precipitation stations. Details of all the precipitation indices inves 
tigated are discussed in the section "Meteorologic characteristics."
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DATA USED IN ANALYSIS

PEAK-DISCHARGE DATA 

SELECTION OF GAGING-STATION RECORDS

A listing of all the sites where streamflow records have been col 
lected in New England is found in the indexes of surface-water records 
for parts 1 and 4, tabulated by Knox (1956a and 1956b). It was 
decided that 10 years of record of the annual peak discharge was the 
minimum which would be used in the analysis. A listing was there 
fore made of all the gaging stations in New England shown in the 
indexes as having 10 years or more of published record; some, how 
ever, may have lacked information on one or more annual peaks. 
There were 254 such station records.

The next consideration was the amount of regulation affecting the 
annual flood peaks. Most streams in New England are affected; to 
some degree by artificial regulation for power or for industrial or Inu- 
nicipal uses. Much of this regulation, however, affects only daily 
flows or low flows. Even where regulation is possible at the stages of 
the annual peak floods, the amount of such regulation might be neg 
ligible, or within acceptable limits. Because adjustment to natural 
flow is unfeasible for all stations used in this study, it was necessary to 
eliminate all records excessively affected by regulation. In order to 
avoid subjective or uncertain decisions, a study was made to develop 
a criterion for selecting or rejecting the records on the basis of regu 
lation effect.

A tabulation was made of the amount of usable storage above each 
gaging station being considered for use in the analysis. This infor 
mation was obtained from recent publications of the Geological Survey 
and from the following State publications:
1. Connecticut Geological Survey Bulletin 44, 1928.
2. Maine Water Storage Commission, 4th Annual Report Gazeteer, 1913.
3. Massachusetts State Senate Report 289, Water Resources of Massachusetts, 

1918.
4. Report of Massachusetts State Department of Public Health, 1922.

The effect of regulation on flood peaks was estimated on the basis of 
published flood-routing studies, flood reports of the Geological Survey, 
and "308 reports" and reservoir regulation manuals of the Corps of 
Engineers. An attempt was made to define the degree of regulation 
in terms of various measures of storage and drainage area. It was con 
cluded that only a rough criterion could be established from the data 
at hand unless a long and comprehensive study were undertaken. By
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using data on New England as well as data on other parts of the 
country, it was concluded that a usable storage of less than 4.5 million 
cubic feet (103 acre-feet) per square mile would in general affect peak dis 
charges .by less than 10 percent. This was set as the limiting value 
for acceptance of peak discharge data. An independent choice of 
usable records was made by the Survey's district engineers in New 
England on the basis of their personal knowledge and judgment. It 
is interesting to note that choices made by the two methods produced 
nearly identical results.

From the list of 254 records previously mentioned, deletions were 
made for the following reasons:
1. Ten annual peak discharges not available, or annual daily maximums available 

rather than momentary maximums.
2. Less than 25 percent difference between drainage areas of adjacent stations 

on the same stream. Only the longest record was used in this case. If two 
stations differed in size of area by less than 10 percent and had some nonover- 
lapping record, they were combined by the ratio shown by overlapping 
record or by a drainage-area ratio.

3. More than 4.5 million cubic feet of usable storage per square mile. If record 
had been obtained for at least 10 years prior to the construction of reservoirs 
which caused the criterion to be exceeded, the record prior to that time 
was used.

4. Some special indication of excess diversion or regulation, even though not ex 
ceeding the usable storage criterion. Such a situation may arise where the 
gage is directly below a large reservoir. Only five station records were de 
leted for this reason.

5. Stage-discharge relation of doubtful accuracy at upper end. Only one station 
record was deleted for this reason.

After deletion or combining of records, 164 station records remained 
for use in the analysis. The drainage areas for the stations ranged 
from 1.64 square miles to 9,661 square miles. No further changes 
were made in the group selected for study. The locations of the 
selected stations are shown on the map of plate 1; their names are 
listed in table 1.

DETERMINATION OP T-YEAR FLOODS

The annual peak discharges were listed for all 164 station records se 
lected as being suitable for flood-frequency analysis. These represent 
the momentary peak discharges for each water year. The water year 
starts on October 1 and ends on September 30 of the following year.
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The peaks for each station were listed in order of magnitude, and 
probabilities for each peak were computed by the formula

P=  n+l'

where n represents the number of years of record and m is the rank 
starting with the highest as 1. For historical floods or floods within 
a recent period of record whose rank was known relative to long 
periods of time, the longer period of time was used as n in the above 
formula. The computed probability represents the chance of an 
annual peak of that magnitude or higher occurring within any year. 
The magnitude of each peak in cubic feet per second was plotted 
against its probability on logarithmic probability paper. A frequency 
curve was drawn graphically through each set of points to average the 
trend of the plotted points. Each curve was extended only as high 
as it could be drawn with confidence on the basis of the plotted points, 
aided in some cases by comparison with curves for nearby stations. 
No curves were extended beyond the data at the individual gaging 
stations except where historical data may have been based on informa 
tion at adjoining stations. For example, at some stations the highest 
floods are known to have recurrence intervals far greater than the 
period of record, yet local information is lacking to extend the recur 
rence intervals. Where such information is available for the same 
floods at nearby sites, that information was used to improve the 
plotting positions.

Values of the peak discharge were selected from each frequency 
curve at probabilities of 0.833, 0.429, 0.200, 0.100, 0.040, 0.020, 0.010, 
0.005, and 0.0033. These discharges (shown in table 1, upper line for 
each station) represent, respectively, the flood peaks having recur 
rence intervals of 1.2, 2.33, 5, 10, 25, 50, 100, 200, and 300 years. 
The following numbers of peaks of each size of flood were then avail 
able for further study, and they represented the dependent variables 
which were to be correlated with pertinent hydrologic factors.

Recurrence interval . Number of 
(years) annual peaks

1.2................................................. 164
2.33___.____________________________________ 164
5______________________________________ 164
10..________________________________ 164
25................................................. 154
50__.______.___.___________________________________ 116
100__________________________________ 100
200__-_._--_.__________________________ 68
300____.______._______________________ 22
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OCCURRENCE OF FLOODS IN A HUMID REGION B~19

S3"
Og § o § £ 

CON SrH OC

«O OS OS OS
li-t t£t- <NrH

<N oe
rH t^l

co"«T cTc
r-lr-l r-l CO

tO'*' "-Teg 
r-t r-l t^CO

io" cTcT ufo t~Tt6" TtfoT cTto" co'cf
 HrH «O«O r-lr-l CO <N rH <N

100 ot-^ cocj THCO

oo"io
COCO

«oo S 5O O O O C> t^ 0*0 o c
>1O >S >O CO-o"co' "^f r*r* co"^ sou} taxi t^co «To» coco co'co"

^ COIN r-lr-l OSOO COW r-l

y-fy-f CT^ cfrH1

t^tP CO O* 

<N~iO  -Tr-T (N"<N ^'' COOO -H'rH' i-TrJ CO'CO lo'cf

1 I
' 0

i 1
  £
1 S > jj

3 DC

) ta

! |

? 1 1 1 -! I

g c
8 -5

Naugatuck River near Thoma T,Aadmirm Brook near Thomas

^
0

A 
r*4

Naugatuck River near Beacon 
Ratten Kill at Arlington. Vt

! 
. s

S

° 1 
S

1
!
S

-d
<! o-
a I 
S S
55 g

North Branch Hoosic River a 
Hoosin River nAar Williamsto^

|

1 "
  ® £ 

pq >

Walloomsac River near North PonltnAv RivAr hAlow "Pair Ha

>

i 
1
pi 

1 

1 s

, 1c
. !

c

+.

^

1

1 
H
* a
£

C 
(.
.2 
C

i
1 n
> t-> a

! 5
! 1

>
ff's
^
 c  3 
tc 
£ 
£ 

< !z
5 t
5 S P

£
? Se

^

1
1
|

5 E
' 1 p=  I

1^

§' g
Id

Winooski River near Essex Ju

 $ ^
CO CO

3 S



B-20 FLOOD HYDROLOGY
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OCCURRENCE OF FLOODS IN A HUMID REGION B-21

HYDBOLOQIC CHARACTERISTICS

Floods are caused ordinarily by runoff from rainfall or snowmelt 
and less frequently by dam failures, ice gorges, or high tides. The 
probabilities of the latter types are, with rare exceptions, too small 
and erratic to be considered in this type of study. What we are con 
cerned with are the regularly occurring year-to-year floods caused by 
rainfall or snowmelt, although a few of the other types may be 
included.

After precipitation in some form reaches the ground surface, its 
rate of runoff will be influenced by many factors. Meteorologic 
factors such as temperature, dewpoint, winds, radiation, or other 
elements affecting snowmelt or evaporation affect the amount of 
runoff. Once the runoff has started, however, its pattern is controlled 
by the topographic characteristics of the drainage basin. This is 
especially true if the precipitation is in the form of rain. These 
characteristics may be either surface or underground features. Most 
topographic features are relatively stable, such as the size of the 
drainage area or the amount of land slopes; others are variable, such 
as kind of ground cover or state of cultivation.

The problem is, first to choose those factors which may be expected 
to be causally related to flood peaks, to break them down into their 
simp1 ist components, to evaluate them, and to choose factors having 
the least interdependence. This part requires a knowledge of hydro- 
logic and hydraulic principles. Finally, statistical methods are 
applied to finding those factors that are most significant and to 
developing the relations between flood peaks and their causes. The 
hydrologic factors are, in statistical terms, the independent variables 
that are to be associated with the flood peaks, which are the dependent 
variables.

A set of independent variables which are actually independent of 
each other would be preferable. In flood hydrology this is not 
possible. Actually, there are very few which are mainly independent. 
The most important factor is, intuitively, the size of drainage area 
(its importance is later demonstrated). The larger the area, the 
larger is the volume of rain that may fall on it and in general the 
the larger the peak discharge. Once drainage-area size has been 
selected as a variable, most other factors that may be chosen have 
some degree of interdependence. The general magnitude of rainfall 
is virtually independent, being a climatic factor; yet rainfall inten 
sities vary with size of the drainage area and rainfall distribution 
varies with directional or orographic characteristics of the basin. 
Soil, cover, and channel slopes may be affected by the amount of 
rainfall generally available. Thus it is seen that topographic and 
meteorologic variables are not independent of each other. Top-
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ographic factors may be highly interrelated. Land slopes, channel 
slopes, stream densities, and altitudes are interrelated and each is 
related to drainage area. Cover has some relation to both slope 
and altitude.

TOPOGRAPHIC CHARACTERISTICS

The choice of topographic characteristics to be used in the analysis 
must first be made by considering which factors may be expected to be 
influential in determining the size of flood peaks. The size of the 
basin, as previously discussed, is very important, and experience has 
shown that it merits first consideration. When water falls on a basin 
it first flows mainly by an overland route to small channels; thence it 
flows to larger and larger streams through a complex drainage pattern 
to the principal stream on which the gaging point is located. The 
land slopes, tributary slopes, and main-channel slopes are all im 
portant factors in determing the velocity of this flow. The ground 
cover and the nature of the channel bed materials are retarding in 
fluences, representing the "roughness" or friction coefficients in hy 
draulic formulas, and should be considered if possible. Some of the 
water travels by subsurface or underground routes; hence the type of 
soil and geology may need to be considered. The drainage pattern 
influences the timing of the flood peak and should therefore be eval 
uated, possibly as a lag factor or as a basin shape factor. The stream 
density and length of the main channel also influence the timing. 
Altitude or orientation of the basin with respect to storm pattern may 
influence the amount or the timing of rainfall and thus merit consid 
eration. The amount of storage in lakes, ponds, reservoirs, swamps, 
or within river channels or flood plains may reduce the peaks of floods.

Not all these topographic characteristics may need to be used in the 
final flood-frequency relations. Because of their interdependence, 
only one of many related factors may be sufficient. Many of these 
factors have not yet been successfully evaluated for example, geo 
logic influences have not yet been reduced to simple numerical in 
dices. Data may be lacking by which other factors thought to be 
effective, such as soil depths or land treatment, can be appraised. 
There is considerable latitude in the method of defining some varia 
bles, and simplicity is a highly desirable feature of any method. Many 
of the complex topographic factors which hydrologists have used are 
little justified in view of the current lack of knowledge of the relation 
between flood peaks and even the simplest variables.

DRAINAGE AREA

The gross drainage areas in square miles were used as shown in the 
latest Survey publications. In New England there are no natural 
closed basins or areas that are noncontributing during peak flows, so
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far as is known. The criterion for excess storage had eliminated those 
basins in which a large proportion of the drainage area might have 
been noncontributing because of artificial storage.

The drainage area, as expected, was found to be very significant 
statistically and was the most important of the variables affecting 
peak discharge.

SLOPE FACTORS

Various factors representing slope were investigated. The "princi 
pal channel slope" as defined by Langbein (1947) was considered. 
This is the mean slope of all channels draining at least 10 percent of the 
total drainage area; thus it may include parts of the principal tributary 
streams. In addition, the main-channel slope and average channel 
slope as defined by Bigwood and Thomas (1955) were studied. Aver 
age land slope, as listed by Langbein, was another variable compared 
in the study.

Langbein's "tributary channel slope" was also studied. The tribu 
tary channel slope comprises the mean slope of all channels draining 
less than 10 percent of the total drainage area. This may vary con 
siderably depending on the number of such headwater tributaries con 
sidered. Langbein (1947, p. 139, fig. 50) illustrates the variation 
in this index.

It was found early in the investigation that, next to the drainage 
area, some index representing the slope of the basin was the most 
important variable. Several such indices were tested the two meas 
ures of the main-channel slope previously mentioned, the tributary 
channel slope, and the average land slope. Each is highly correlated 
with the others. It was found that residual errors from the relation 
between the mean annual flood and drainage area size, when cor 
related with each of four slope indices, had correlation coefficients 
ranging from 0.71 to 0.78. Tributary channel slope showed the highest 
correlation coefficient, average land slope the lowest, and main- 
channel slope was between the two. However, the differences between 
the correlation coefficients were not statistically significant.

At this point the decision was made to use some index of the main- 
channel slope, following drainage area, in the relation with peak dis 
charges, and to test other factors later for any residual signficance. 
The main-channel slope was chosen over the tributary-channel slope 
and the average land slope because of the ease of computing it com 
pared to either of the other two. As demonstrated by Langbein, the 
tributary-channel slopes have limiting values which are not reached 
without a considerable amount of labor. Actually, the values listed 
by Langbein for New England basins and used in the comparison 
are not the limiting values; hence their reliability is not known.
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There has been no unique or universally accepted way of evaluating 
channel slope. Some'hydrologists have used the total drop from the 
head of the longest watercourse to the gaging point. Others have 
used weighing methods that evaluate the slope all along the main 
channel. Some have used parts of the main channel, such as the 
lower three-quarters. Still others have in some manner combined the 
slopes of tributary streams with the main channel. Part of the diffi 
culty is that methods of defining the main channel or of differentiating 
the tributary streams are rather arbitrary.

Langbein's "principal channel slope" was found to be the most sig 
nificant index of main-channel slope of several investigated because it ac 
counted for more of the residual error than the others did. Its com 
putation involves the determination of the points on the larger streams 
at which 10 percent of the total area is drained. This is a laborious 
task, however, particularly in a regional study that may require com 
putations for hundreds of stations. It was therefore considered desir 
able to find a simpler and possibly better channel-slope factor. It was 
also considered desirable to separate the effects of tributary streams 
from those of the main stream. It was therefore decided (a) to use 
only the main channel in a variable expressing channel slope, leaving 
the tributary slopes for separate consideration, (b) to define the main 
channel, above each stream junction, as the channel draining the larg 
est area, and (c) to make an exhaustive study to find a way of express 
ing the main-channel slope that is most closely related to peak 
discharge.

Topographic maps were used to draw channel profiles for 170 
stations in New England. (This number was later changed to 164 
after a criterion for allowable regulated storage was developed.) At 
the upstream end, each profile was extended to the drainage divide 
beyond the end of the stream shown on the topographic map. Dis 
tances were measured from the gaging point to each contour crossing 
(except where these were very dense), and channel profiles were 
plotted from these figures.

It was considered that the uppermost part of the stream, in the 
steep headwaters, might affect the slope out of proportion to the 
volume of water furnished by the headwater area. At the downstream 
end the slope might not be indicative of that affecting the size of peak 
discharges because of the flatter slope. It was therefore postulated 
that the part of the main channel whose slope would best correlate 
with peak discharge would be the one excluding the extreme headwater 
reach and possibly some of the extreme downstream reach.

The total distance along the main channel between the gage and 
the divide was measured. Stream-bed elevations were determined at 
points that subdivided the downstream 0.7 of the channel into 7 parts
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of equal length and the upstream 0.3 into 6 equal parts. The object 
was to compute the slopes between all possible combinations of the 
points so selected. There were 91 such combinations. Two addi 
tional slope factors were computed. These were the constants in the 
regression equation relating the logarithm of the rise to the logarithm 
of the distance from the gage, equivalent to drawing a straight line 
through the channel profile plotted to a logarithmic scale. These 
two factors represent an integrated slope for the entire main channel, 
rather than merely the slope between two points.

To determine the optimum slope factor, multiple-correlation anal 
yses were to be made with the 1.2-, 2.33-, 5-, 10-, 25-, and 50-year 
floods as dependent variables and drainage area and each of the 93 
slope factors as the independent variables. (At the time this work 
was being done, historical data had not yet been collected which if 
available would have permitted extension of some curves up to 300 
years.) The best slope factor is defined as the one yielding the mini 
mum standard error. The data were prepared for solution by an 
automatic computer. The programming covered computation of all 
the slopes, the logarithmic slope factors, the standard errors with 
drainage areas alone, and the standard errors and correlation coef 
ficients with drainage area and each of the 93 slope factors.

Results of the solutions by automatic computer are shown in fig 
ures 1 and 2. These figures show contours representing equal values 
of the standard error. On figure 1, for example, the standard error 
using the slope between points 0.5 and 0.4 of the total distance above 
the gage is 0.193 log units. Figure 1 shows all the standard errors on 
which the contours are based, whereas figure 2 shows only the con 
tours. Note the similar patterns shown by the contours for each 
size of flood and the minimum in the upper left of each figure. A 
weighing process reveals that the slope between points 85 and 10 per 
cent above the gage would satisfactorily give the minimum standard 
error for all floods, with little accuracy lost for any particular size of 
flood. Standard errors using the two logarithmic slope factors were 
higher for all floods than those using the 85 to 10 percent slope. Re 
sults of the slope investigation have been reported previously in some 
what more detail by Benson (1959).

Results obtained from using the "85-10" slope factor are practically 
equivalent to those obtained from using the principal-channel slope 
in the original graphical analysis. This is gratifying because the 
"85-10" slope is far simpler to compute. The 85 to 10 percent main- 
channel slope was found to be a significant variable and generally 
second only to drainage area in its effect on peak discharge.
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FIGURE 1. Variation of standard error with slope factor for Oi.j; contoured values represent the standard
error in log units.

PROFHE CURVATURE

It was considered that, in addition to the slope of the main channel, 
the vertical curvature of the main-channel profile might have a signifi 
cant effect on flood-peak magnitude. Most streams have profiles that 
are steep in the headwaters and become increasingly flatter in a down 
stream direction, but some exhibit almost straight-line profiles, and 
^others become steeper as they progress downstream. The degree of 
curvature for all the stations analyzed was expressed by two indices 
that were devised in this study.

These indices were used to represent the curvature between the two 
points used to compute main-channel slope; that is, at 85 and 10 per 
cent of the total distance above the gage. In the first index the rise 
between the 10 percent point and a point halfway (in distance)
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between the 10 and 85 percent points was divided by the total rise 
between the 10 and 85 percent points. This is a height ratio, h:H, 
which is a measurement of the curvature. The other index was based 
on length. If another intermediate point is chosen, one at which one- 
half the rise between the 10 and 85 percent points has occurred, then 
the ratio of the downstream distance to the total distance is a length

ratio, j  and is a measure of the profile curvature.
 Li-75,

Neither index of profile curvature had any significant effect on peak 
discharge, when tested after making allowance for main-channel slope.

SHAPE FACTOR

Shape factors of various types were studied. Among those already 
proposed or available were the length of the main channel (L) as used 
previously in computing the main-channel slope and 2aZ as listed by 
Langbein (1947). The latter is the summation of the areas of many 
small subdivisions of the drainage basin, each multiplied by its stream 
distance to the gaging point. The index 2al:A was also used, where A 
is the drainage area, as a measure of effective length of water travel 
in a basin. Other factors studied were L2/A, which is the same as L/w, 
the length-to-width ratio of the basin, and L/A, which is equal to 1/w. 
An attempt was made to introduce L as an exponent of A. Finally, 
a subjective index was devised to express the effect of basin length 
and drainage pattern. Six categories were established, in which the 
characteristics ranged from a long and narrow basin with only 1 princi 
pal channel and no large tributaries to a short, compact fan-shaped 
basin with 2 or more major channels coming together near the gage.

None of these indices of basin shape or drainage pattern were signif 
icantly related to peak discharge, if tested after the effect of the drain 
age area and main-channel slope had been taken into account. Prob 
ably this is because shape had to a large extent already been included 
in the area and slope terms. The slope factor made use of length of 
channel, which is a measure of shape when used together with the size 
of drainage area.

STORAGE AREA

The criteria for selecting the station records to be used excluded 
those basins having an excessive amount of usable storage; that is, 
storage subject to regulation. However, some artificial and much 
natural storage remains that may effectively reduce the peak flow. 
Such storage may be in lakes, ponds, reservoirs, swamps, or in the 
stream channels and overflow plains. Storage areas previously com 
piled by Langbein (1947) were used to study their effect on flood peaks.

Langbein gives surface areas of (a) lakes and reservoirs and (b) 
swamps, for many New England streams In the course of this study
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it was found that the areas of swamps as delineated on older and on 
recent topographic maps varied considerably. The recent maps com 
monly showed a twofold or threefold increase over the swamp areas 
compiled by Langbein. Because of lack of reliable information on 
size of swamp areas and because the size could vary as conditions 
change, it was considered desirable to avoid the use of swamp areas 
if this were feasible. Fortunately, it was found that correlations 
based on storage area of lakes and reservoirs alone were better, though 
not significantly so, than correlations based on the total storage 
figures which included swamp areas as well.

Because the more recent maps are better than those available when 
Langbein (1947) compiled his data, the surface areas of lakes and 
reservoirs were recomputed for all stations used in this analysis. 
These areas were expressed as percentages of the total drainage area 
in each basin. It was found that the addition of 0.5 percent to the 
value for storage area brought about a straight-line power relation 
similar to other factors used in the relation with peak discharges. The 
addition of 0.5 percent also insures that where there is no storage 
area, the discharge will not thereby appear to be equal to zero (the 
form of the relation being multiplicative). The 0.5 percent of drain 
age area may represent the average effect of channel storage.

Where station records were used only to the time when construction 
of reservoirs caused the amount of regulatable storage to be excessive, 
the percentage of storage area used was that existing before the 
reservoirs were constructed.

The evaluation of channel storage is an old and a difficult hydro- 
logic problem which has not yet been solved. No doubt its effect is 
evaluated indirectly, at least in part, by related factors such as 
channel slope. Potter (1957) has added to lake and swamp areas the 
area within flood plains that exceed one-quarter of a mile in width. 
An adjustment of this kind was attempted during this study, but it 
was found that only small amounts of area were added by this rule, 
and no improvement in the correlations resulted.

The surface area of lakes and reservoirs, expressed as a percentago 
of the total drainage area, and increased by 0.5 percent, has been 
found to be a significant variable in relation to peak discharge.

ALTITUDE

Altitude is a factor which is not in itself a direct cause of variation 
in flood peaks. Yet many factors that are not easily evaluated may 
vary with altitude. Some of these are: precipitation (its depth and 
distribution and the percentage occurring as snow) vegetation, soil 
type and depth, geology, and factors affecting snowmelt, such as evap 
oration, temperature, and radiation. Because of these other related



B-30 FLOOD HYDROLOGY

elements, altitude might be expected to show some relation to varia 
tions in flood peaks.

Langbein (1947) gives the maximum, mean, and minimum altitudes 
for New England basins. Both the mean altitude and the difference 
between the mean altitude and the gage altitude, as computed from 
Langbein's figures, were considered in this study.

Two additional indices were computed which involved the distribu 
tion of altitude within the basin. The altitude corresponding to the 
mean altitude of the basin was located on each main-channel profile. 
The distance from the head of the stream to this point, divided by the 
total main-channel length, was considered an index of the distribution 
of altitude. A similar index was computed with the point located at 
the average of the maximum and minimum altitudes.

No index of altitude was found to have any significant relation to 
the size of flood peaks, after channel slope had been taken into account.

STREAM DENSITY

The density of a stream system is expressed in miles of stream length 
per square mile. All streams are measured down to the smallest 
shown on topographic maps. Like swamp area, the length of small 
streams shown on the map may vary with conditions at the time of 
the survey, with the mapping standards and with the judgment of the 
cartographer preparing the map. The true stream density may vary 
from place to place with amount of rainfall, land slope, cover, geology, 
and soils.

Stream density did not show any significant relation to peak dis 
charge, once channel slope and storage area had been accounted for.

SOILS, COVER, LAND USE, URBANIZATION

Data were sought on depths of the soil mantle, but they were either 
not available for most parts of New England or were much too gen 
eralized. Some research on very small mountainous drainage areas 
outside of New England has shown peak discharge to be highly related 
to soil depths. However, it is not expected that a high degree of cor 
relation with soil depths exists for the sizes of drainage areas used in 
this study. Furthermore, because soil depth is related to slope and 
size of drainage area, perhaps its effect has to some extent been 
included.

Only the latest topographic maps differentiate between wooded and 
nonwooded areas. The percentage of wooded area could be evaluated 
for only a small proportion of gaged basins within New England. It 
is believed that for the range of basin sizes involved in this study the 
percentage of wooded area would not have a wide range and its effect, 
if any, would not be apparent.
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Land use varies with time in both its character and its areal extent. 
If complete data on land use were available and were compiled for 
the sizes of drainage areas used in this study, the best that could be 
hoped for would be some rough index of its effect, such as the propor 
tion of the total drainage area farmed or the proportions farmed in 
such a way as to increase or decrease peak flow. Data for the evalua 
tion of such an index and its variation during the period of record 
are not readily available. In any case, a comprehensive study for all 
of New England on the effect of land use on flood peaks was beyond 
the scope of this investigation. The prospect of finding significance 
in the relation of land use to annual peak discharges for tho sizes 
of drainage areas used in this study was not believed to be great, 
on the basis of any evidence known.

There is reason to believe that the effect of urbanization is to in 
crease peak discharges, perhaps by a considerable amount. Numeri 
cal evaluation of the degree of urbanization has not yet been properly 
investigated. Too few gaged basins exist within wholly or partly 
urbanized areas, and during the periods of gaged discharges there has 
been continual variation in the degree of urbanization. Bigwood and 
Thomas (1955) presented some coefficients taking urbanization into 
account in their floodflow formula for Connecticut. However, until 
such tune as a well-planned program of data collection is made for this 
purpose and the effect of urbanization analyzed with sufficient data, 
the problem must be considered unsolved.

METEOROLOQIC CHARACTERISTICS

RAINFALL

During the period of known flood peaks, the topographic basin 
characteristics have remained fixed or relatively fixed. However, a 
meteorological factor such as rainfall, which is the direct antecedent 
of most flood peaks, has varied from year to year, from hour to hour 
during any storm, and from place to place. How then can we render 
this fluctuation into meaningful figures that will disclose their relation 
to flood peaks?

One way of expressing a variable is by an average. The mean an 
nual rainfall is a factor that describes the general climate humid, 
semiarid, or arid and thus may have a general relation to flood peaks. 
The mean annual rainfall for each drainage basin, as determined from 
contours of annual rainfall, was used as a variable.

The mean annual runoff (weighted for each basin) was tested as a 
variable. It was considered as an index of that part of the precipita 
tion which actually reaches the main stream. Thus the index takes 
into account many losses and diversions occurring between rainfall 
and runoff.
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About 70 percent of the annual peak discharges in New England 
occur during March, April, and May. The average rainfall during 
this 3-month period might therefore be expected to show better cor 
relation with peak discharges than annual rainfall. This 3-month 
average was computed for each basin and tested as a variable.

Because annual peak discharges are caused by individual storms, 
it would be expected that rainfall representative of shorter periods of 
time than a year or 3 months might better correlate with peak dis 
charges. In the early part of this study published data for the maxi 
mum 24-hour precipitation were used as the basis of another pre 
cipitation variable.

During the course of this study the U.S. Weather Bureau completed 
work on part 4 of Technical Paper 29, defining the "Rainfall intensity- 
frequency regime" for the Northeastern United States. This mate 
rial was made available for use prior to publication. The maps and 
diagrams allow the determination of rainfall intensities for durations 
from 20 minutes to 24 hours and for recurrence intervals from 1 year to 
100 years, on all sizes of drainage areas. From this material it is 
possible to determine, for example, the 18-hour 25-year rainfall to 
be expected on a drainage area of 250 square miles. Rainfall data 
of this type seemed to offer the best promise of correlation with peak 
discharges.

The study first showed that for flood peaks ranging from 1.2 to 100 
years in recurrence interval the correlation of intensities for 24-hour 
periods with peak discharges was as good as or better than that for 
1-hour or 6-hour durations. It was also found that best results were 
obtained when rainfall intensities were used having the same recur 
rence intervals as the peak discharges. For example, the 100-year 
peak discharges correlated best with the 100-year 24-hour precipitation.

The mean annual and 3-month precipitations showed an equal 
degree of correlation with peak discharges. However, the 24-hour 
rainfall intensities for recurrence intervals corresponding to the dis 
charge showed even better correlation and proved to be statistically 
significant variables, at the 5-percent level or better. The values for 
200- and 300-year intensities were obtained by extrapolation beyond 
100 years. This was done (rather than using 100-yr values for 100-yrs 
and more) in order that the resulting equations for peak discharge 
would follow a pattern consistent with those for lesser floods.

For many parts of the country, up-to-date intensity-frequency data 
for rainfall are not available. In lieu of this, other precipitation indices 
may be used, such as mean annual precipitation or mean precipitation 
during the months when annual peak discharges most commonly occur. 
In arid and semiarid regions, the mean number of thunderstorm days 
may be a useful index.
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SNOWFAII AND TEMPERATURE

Throughout Maine and in the northern parts of New Hampshire 
and Vermont, almost all annual peak discharges occur during the 
3-month period March to May. The annual peaks here are charac 
teristically caused by spring rains augmented by snowmelt. Confir 
mation of the effect of snowmelt on runoff was obtained by examining 
the average ratio of runoff to precipitation during the March to May 
period. These ratios were computed for all 164 records used, and the 
contours of figure 3 were based on these ratios. The effect of snowmelt 
on runoff is evident because the ratio is more than 1.0 throughout 
northern New England. There seems no reason to doubt that, in a 
similar manner, peak discharges also are progressively increased by 
snowmelt the farther north the basin is located.

The water equivalent of accumulated snow at the time of the spring 
floods therefore appears to be an important factor influencing peak 
discharge. Unfortunately, outside of Maine only scattered data are 
available on the accumulated water equivalent of snow in these areas, 
and long-time averages for the whole of New England cannot now be 
mapped. It might be expected that winter temperatures would have 
a very close relation to snow accumulation, and this was found to be 
so. Figure 4 (U.S. Dept. of Agriculture, 1941) is a map of mean 
January temperature in New England. This map shows a pattern 
of regional variation similar to that of the 3-month runoff-precipi 
tation ratio. The temperature contours do not show the detailed var 
iations which probably exist in the mountain areas; however, this 
map has been used as the best representation available of temperature 
differences.

Either the 3-month runoff-rainfall ratio or the January temperature 
can be used as an index of the combined effect of accumulated snow 
and frozen ground conditions. January temperature was defined in 
more detail and was therefore used. Temperature correlated best 
with peak discharges when the actual mean January temperatures 
were subtracted from 32°. The resulting figures, in absolute values, 
represent the number of degrees Fahrenheit below the freezing 
point. January temperatures, represented this way, proved to be 
a significant variable related to peak discharge.

ANALYTICAL PROCEDURES

The correlation of peak floods of various recurrence interval with 
hydrologic factors was first studied using graphical methods. This 
study was made to explore first the many possible variables that 
might be used and to attempt improvement by varying the form of 
some of them.
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FIGUKE 3. Map of New England, showing the ratio of runoff to precipitation for the 3-month period,
March through May.

Kelations between peak discharges and hydrologic characteristics 
were first plotted using both rectangular and logarithmic coordinates. 
It was found that straight-line relations resulted when logarithmic 
plotting was used and curved lines resulted when rectangular plotting 
was used. This confirmed previous experience in which discharge has 
generally been found to vary as a power function of hydrologic charac 
teristics. Logarithmic plotting was then adhered to throughout the
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FIOUEE 4. Map of New England, showing average January temperature, in degrees Fahrenheit.

rest of the study and appeared to give the correct form for all the rela 
tions. Finally, the logarithms of all the variables retained in the 
multiple-correlation equations (including those for the T-year peaks) 
were found to be normally distributed. This was a validation of the 
logarithmic transformations used and of the multiple-correlation 
methods in general.

QT, the T-year flood, was plotted against the size of the drainage 
area. An average curve was drawn through the plotted points and 
the departures from this curve (also known as deviations, residuals,
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or residual errors) were determined for each station. These depar 
tures were then tested against other variables either by plotting or 
by rank-correlation methods (Wallis and Roberts, 1956, p. 603, 604) 
to determine the variable having the most effect after drainage area. 
From the relation of the first set of departures with this variable, a 
second set of departures was selected and further comparative studies 
were made. The process continued until all the variables showing 
statistical significance were separated out.

Graphical methods have their limitations, particularly where many 
variables are involved and where their effects may be small. After 
3 or 4 variables have been incorporated into the relation, the residual 
departures may contain large accumulated errors that are due to 
small errors in drawing the individual curves of relation. These resid 
ual errors are no longer useful for studying further variables. At 
such a point, multiple-correlation computations provide exact formu 
lations of the relations with the variables already selected, and the 
the computed residuals are then suitable for further study.

Such a stage was reached in this study after significant correlation 
had been established between flood peaks and the following variables:
1. Drainage-area size in square miles, designated A.
2. Main-channel slope, in feet per mile, between the 0.85 and 0.10 

points, designated S.
3. Percentage of drainage area in lakes and ponds (increased by 0.5 

percent), designated St.
4. Rainfall intensity, in inches per 24 hours, with recurrence interval 

corresponding to that of the peak discharge designated as /.
No other variables could be found by graphical means which would 

improve the correlations appreciably. Multiple-correlation compu 
tations were then carried out, resulting in standard errors which ranged 
from 34 to 52 percent as the recurrence interval varied from 1.2 to 
300 years. Residual departures for computed peaks at all nine re 
currence intervals were averaged at each station, and the averages 
were plotted on a map of New England, figure 5.

If all the important factors influencing annual peak discharge had 
already been included in the multiple correlation, the residual errors 
in the computed peaks for individual stations would be expected to 
show a random pattern. Instead, a general pattern emerged of high 
residuals in the north diminishing to lower values in the south.

This pattern strongly suggested some factor or factors that could 
not vary appreciably with individual basins but could vary regionally; 
most probably those factors would be climatological in nature. The 
high residuals in the north meant that peak discharges experienced 
were higher than computed, and the lower residuals in the south meant 
that discharges experienced were lower than those computed.
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1.4

1.1

FIGTTEE 5. Map of New England, showing residual error of discharges computed by using A, S, St, and /; 
contoured values represent the ratio of actual to computed discharges.

The north-to-south Variation from high to low values is inverse to 
the pattern of winter temperatures. This pattern of residuals is 
consistent with the hypothesis that annual peak discharges in this 
region (known to occur mostly between March and May) are aug 
mented by the melting of accumulated snow and by the frozen con 
dition of the ground.

To test this hypothesis, the ratio of runoff to rainfall in the 3-month 
period March to May was computed and mapped. (See fig. 3.) Runoff
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is normally expected to be less than rainfall, because of the many 
losses between the two. The variation from about 1.3 in the north to 
0.8 in the south clearly shows the effect of snowmelt and frozen ground 
on runoff. Only the melting of accumulated snow could account for 
values greater than 1.0. The runoff-rainfall ratio defines in general a 
pattern similar to that of winter temperature. It would seem that the 
maximum water equivalent of the accumulated snowfall would be a 
logical variable to incorporate into the multiple correlation. In the 
absence of sufficient data on average conditions of the accumulated 
water equivalent of snow, some other index must be used, such as the 
average January temperature or the 3-month runoff-rainfall ratio.

As discussed previously January temperature was selected as the 
index, and the variable used was the number of degrees below freezing, 
obtained by subtracting the actual mean January temperature from 32.

After temperature was incorporated into the multiple correlation, 
the resulting residual errors were again mapped. The general north- 
to-south variation was found to have disappeared, but residual errors 
indicating geographic patterns were found, extending along and about 
the Connecticut River. A study of these patterns (shown by contours 
on pi. 1) showed definite indications that these residual errors were di 
rectly related to the effects of orography on precipitation and temper 
ature in relation to the prevailing direction of storm winds.

For example, consider the depression in the pattern of residuals 
shown in the upper part of the Connecticut River Basin. On a 
topographic map this is seen to be an area flanked on the east by the 
White Mountains, which in this locality form the highest range of 
peaks in New England. The direction of the heavier storm winds 
is from the east or southeast, as described in "Climate and Man" 
(U.S. Dept. of Agriculture, 1941, p. 996) "The most active pre 
cipitation-producing storms are those in which the moist southeast 
or east winds flow over the uplands and the air mass is forced aloft 
over cold resident air to condensation levels." The White Moun 
tains here evidently act as a barrier to the easterly winds and cause 
a "rain shadow" of lessened precipitation on their leeward side. A 
cross section of ground altitudes along lat 44° 15' is shown in figure 
6: Below this is plotted the variation in the orographic factor.

To the south, around lat 43° 15', the White Mountains at the 
east side of the Connecticut Valley are not as high as the Green 
Mountain ridge to their west. The upper slopes of the Green Moun 
tains intercept heavier precipitation, which is reflected in the peak 
discharges from those streams which head in the upper slopes of the 
west ridge; namely, the White, Ottauquechee, Black, and West 
Rivers.
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73
II'

44'

20

FIGURE 7. Map of southern New England, showing combined precipitation in inches in six major storms  
November 1927, March 1936, July 1938, September 1938, December 1948, and August 1955.

The southwest part of New England receives the heaviest storm 
precipitation. This is evident fronj the map of figure 7, which shows 
the combined volume of precipitation within six major storms of 
recent times (November 1927, March 1936, July 1938, September 
1938, December 1948, and August 1955). The effects of orography 
can be discerned in this southwest corner of New England; for ex 
ample, consider the section along 42° 15' latitude, figure 8, The 
upward slopes in Khode Island intercept the first of the heavy rain 
coining from the east and southeast. The east side of the Connecticut 
Valley is on the downslope and has low residual values. The rising 
west slopes of the Connecticut Valley show increasing values of the 
residuals, and there is a decrease toward the Housatonic basin.
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It would be desirable to use precipitation, temperature, or other 
variables to define these variations. Some of the available precipi 
tation indices such as mean annual precipitation, mean annual runoff, 
intensity-frequency values, maximum 24-hour precipitation experi 
enced show some high and low values corresponding roughly to the 
high and low areas defined by the residuals. Yet none of these are 
adequate to account fully for the uniform pattern shown by the resid 
ual errors. Possibly this is because there are too few precipitation 
and temperature records in mountainous terrain, where the orographic 
effect is pronounced. Perhaps the precipitation and temperature in 
dices now used are inadequate to represent the full effect of those vari 
ables. Possibly also there are other variables, unexpressed or un 
known, that are related to the orography, and are responsible for the 
remaining error. Streamflow records, on which the residual errors 
are based, represent the integrated effect of the precipitation and 
other variables over entire basins. Because of the consistency of the 
pattern of residuals with orography, it is considered that these resid 
uals may be used as the basis for an orographic factor, to be used as 
an additional independent variable. This use of residual errors repre 
sents maximum utilization of the information furnished by the 
discharge records.

The mapped orographic factor (pi. 1) is based on the averaged values 
of residuals from flood peaks of as many as nine different recurrence 
intervals at each station. The contours have been drawn only where 
a pattern is defined by groups of stations and have not been drawn 
around departures at individual stations which are not part of a 
pattern. The contours were drawn giving consideration to the fact 
that the residuals define the effect on the entire drainage basin rather 
than at the gaging-station site.

Such definition of an orographic factor is not merely a correlation 
of errors with themselves. The pattern of residuals outside of the 
contoured area shown in plate 1 is random throughout New England. 
Within the area the pattern is systematic and can be related to a 
characteristic (orographic effect) which cannot readily be evaluated 
independently because of its complexity and because of lack of detailed 
definition by known hydrologic variables. The residual errors 
furnish a practical expedient for evaluating this characteristic.

Correlations were made using the six independent variables of area, 
A; slope, S; storage, St; intensity, /; temperature, t; and orography, 
0. The values of these six independent variables are listed in table 
2. Intensity, /, was deleted from the formulas for 1.2 to 10 years 
for reasons subsequently discussed. The resulting correlations had 
standard errors between 24 and 33 percent, which were considered 
satisfactory.
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B-48 FLOOD HYDROLOGY

Discharges and residual errors were computed by means of the re 
gression equations for all flood levels at all stations. The residuals 
were tested against all variables that had been eliminated in earlier 
stages of the work, as well as against a joint function of the two most 
important variables area and slope. No significant relation with 
these variables remained. As a final step, the residual errors were 
plotted on maps and were found to be randomly distributed. Re 
siduals for small-area stations showed the same random pattern and 
were scattered on both sides of 1.0. The results were then accepted
as being satisfactory.

RESULTS

The final results were obtained by standard mathematical multiple- 
correlation computations and are expressed in the following equation:

QT=aA*ScSt*Ptf08 

or its equivalent:

log QT=a' + b log A+c log S+d log St+e log /+/ log t+g log 0

where Qr=T-year annual peak discharge, in cubic feet per second 
A= drainage area, in square miles 
S= main-channel slope, in feet per mile 
$£=percent of surface storage area plus 0.5 percent 
/=T-year 24-hour rainfall intensity, in inches 
t= average January degrees below freezing, in degrees

Fahrenheit 
0=orographic factor 

a/a,&,c,d,e,/,<7=regression coefficients, where a=antilogarithm of a''.

A summary of the results (table 3) shows the values of the regres 
sion coefficients, the multiple-correlation coefficients, and the stand 
ard errors for 9 values of T, for several independent variables from 1 
to 6, listed generally in order of decreasing importance. Also shown 
is the change in the standard error as each variable is added.

Simplification of the coefficients is discussed later and simplified 
values are shown in table 4.

DISCUSSION OF RESULTS 

VARIABLES IN FINAL EQUATION

The variables that appear in the final equation are not the only 
ones that affect flood peaks. However, they represent the most ef 
ficient combination found for explaining peak flow with the smallest 
number of simple basic variables. For example, it would have been 
possible to use average land slope or stream density in place of main- 
channel slope. Either of these would have showed significant corre 
lation with flood peaks. Yet, the standard error would have been
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larger if either had been used instead of main-channel slope. Simi 
larly with rainfall intensity if mean annual precipitation or other 
rainfall variables had been used instead, the correlations would have 
been significant, but standard errors would have been larger,

GRAPH OF REGRESSION COEFFICIENTS

Figure 9 is a graph of the regression coefficients showing their var 
iation with recurrence interval. These coefficients are the values 
when 5 independent variables (excluding rainfall intensity, 7) are used 
for recurrence intervals from 1.2 to 10 years and when 6 independent 
variables are used for intervals of more than 10 years. The a coef 
ficient changes abruptly between 10 and 25 years because of the change 
in the number of variables at that point. In general, other coeffi 
cients vary uniformly with time. Sharp changes at the 300-year level 
may be attributed to the small number of stations (22) defining the 
relation there. The variation among the coefficients is not consistent 
with time; that is, one may increase as another decreases. For this 
reason, a single general formula incorporating recurrence interval, T, 
as an additional variable cannot be used.

50 100 300

5 0.3

Intens ty

Slope

1 5 10 50 100 300
RECURRENCE INTERVAL, IN YEARS 

FIGUEE 9. Variation of regression coefficients with recurrence interval.
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TABLE 4. Summary of simplified regression coefficients

Recurrence interval in years

1.2   ..- ._.   _-._......_._.-
2.33 .        .-.
5.............. _   ...  .._.
10..... _ ........ __ .............
25.................................
50....  ........................ ..
100................................
200.. ..............................
300.-...-.....  ....... ..........

Regression coefficients

a

2.14 
2.60 
3.54 
4.52 
2.08 
2.26 
1.38 
1.01 
.681

6

1.0 
1.0 
1.0 
1.0 
1.0 
.9 
.9 
.9 
.9

C

0.3 
.4 
.4 
.4 
.5 
.4 
.4 
.3 
.3

d

-0.3 
-.3 
-.3 
-.3 
-.3 
-.3 
-.3 
-.3 
-.3

e

0 
0 
0 
0 

.5 

.9 
1.1 
1.2 
1.3

/

0.4 
.4 
.4 
.4 
.4 
.5 
.6 
.8 
.9

0

0.8 
.8 

1.0 
1.1 
1.1 
1.1 
1.2 
1.5 
1.6

Standard 
error 

(percent)

24.9 
23.2 
26.6 
28.4 
29.3 
27.2 
32.6 
33.0 
37.2

*Qr T-year annual peak discharge, in cubic feet per second.
tFor meaning of symbols A, S, St, i, t, and 0, see headnotes to table 2.

CONSISTENCY OF EQUATIONS

The uniformity in the variation of the individual regression coeffi 
cients gives reason for confidence in the consistency of the peak dis 
charges at any station, computed over the entire range of recurrence 
interval. However, the number of stations used in the analysis, of 
necessity, decreased progressively as the recurrence interval increased 
above 10 years. The range in each of the variables was somewhat 
different at each level above 10 years. For these reasons the formulas 
are not entirely consistent. It had been considered that there was 
more to be gained by use of all possible data at each level than by a 
drastic decrease to obtain an equal number at all levels.

Peak discharges were computed, by means of the formulas, for 
all stations used in the report. These discharges are shown in table 1 
as the lower line for each station. The flood magnitudes at any 
station, when plotted on a frequency graph, usually line up so as to 
define a smooth curve. Occasionally they plot somewhat erratically, 
particularly at the upper end. Similar erratic plotting may be ex 
pected to occur occasionally when the equations are used for ungaged 
sites. A smooth curve averaging all the points would be the best 
representation of the magnitude-frequency relation.

COEFFICIENT, 6, FOB DRAINAGE AREA

The coefficient, b, for area has a value of 0.85 at 2.33 years when 
only area, A, is considered in relation to QT. This corresponds closely 
to values found in many statewide frequency studies in which the mean 
annual flood was related to drainage area. Based on unit-hydrograph 
theory and assuming uniform climatic effect, a value about 0.75 might 
be expected. According to Johnstone and Cross (1949, p. 213), "If 
two drainage basins of different area are 'hydraulically similar* in all 
respects, then (mathematically) the vertical dimensions (discharges) 
are in the same ratio as the three-fourths power of the areas." When
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main-channel slope is added as a variable, the b coefficient immediately 
changes to a value close to 1.0, and in general approaches it even more 
closely as more variables are added. Apparently after other impor 
tant factors have been accounted for, flood peaks of all sizes will vary 
almost directly with the size of drainage area. (The final b coefficients 
range between 1.01 and 0.92.) It is possible that if more variables 
were included, the coefficient would have a value of 1.0 throughout. 
At present it varies consistently with recurrence interval.

It has been stated previously that drainage area is the most im 
portant variable related to flood peaks. This is now apparent from 
the difference between the original standard deviations of the flood 
peaks at each level and the standard errors of the correlations with 
drainage area alone. The percentage reduction in the "error" ranges 
from 72 to 132 percent. This is larger by far than the effect of anv 
other variable.

COEFFICIENT, c, FOR MAIN-CHANNEL SLOPE

The coefficient, c, for main-channel slope ranges between 0.30 and 
0.47 with all factors considered. If slope were entirely a hydraulic 
factor, discharge would vary as the 0.5 power of the slope (as in the 
Manning, Chezy, and other hydraulic formulas). The coefficient 
increases progressively with recurrence interval up to 25 years and 
then decreases (disregarding the 300-yr value). The effect of slope 
(hi percentage reduction of the standard error) varies in the same way. 
Second to area, slope is the most important of all the variables up to a 
recurrence interval of 50 years. It produces an average reduction of 
15 percent in the standard error.

COEFFICIENT, d, FOR STORAGE

The coefficient, d, for storage is negative, as would be expected, 
because storage causes a reduction in flood peaks. The coefficient is 
fairly consistent throughout, with an average value of  0.26 (with all 
significant variables considered). The decrease in standard error by 
the use of storage as a variable ranges between 4.9 and 2.2 percent 
where it is significant (5-percent level or better). The percentage 
improvement is progressively smaller as the recurrence interval in 
creases. Storage has been found to be an important factor in other 
parts of the country (Minnesota, Florida, Wisconsin) where it has 
higher values than in New England.

COEFFICIENT, e, FOR RAINFALL INTENSITY

The coefficient, e, for the rainfall-intensity factor was found to have 
negative values for the 1.2-, 2.33-, and 5-year floods and positive 
values for less frequent floods. The negative values are not reasonable
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because peak discharge should vary directly with rainfall intensity. 
The negative coefficient is statistically significant at the 5-percent 
level for the 1.2-year peak but is not significant for the 2.33- or 5-year 
peak. At 10 years the coefficient is positive but not significant. The 
apparent percentage improvement in the standard error by using in 
tensity at the 1.2-year level is only 0.4 percent, so that in spite of 
its seeming significance it has been deleted there and also at the 2.33-, 
5-, and 10-year levels. The reduction in standard error by the use of 
intensity above 10 years ranges to as much as 2.4 percent (excluding 
the 300-yr peak).

Offhand it seems hardly worthwhile to include a factor that improves 
the standard error by a maximum of only 2.4 percent. However, if / 
is omitted the residual errors at individual stations are no longer 
random geographically but show patterns of high and low values, 
with regional errors as much as 20 percent. In addition, / shows a 
high degree of significance (usually at the 1-percent level) wherever 
the coefficient is positive, in spite of the low improvement percent 
agewise.

Because rainfall is obviously the primary cause of flood peaks, it is 
strange that rainfall intensity does not seem to be among the most 
important of the hydrologic variables influencing peak discharges. 
But consider the consequence if rainfall averages and intensities were 
wholly uniform over New England. Under these conditions no rain 
fall index would appear directly as a variable in the regression equa 
tions defining peak discharges. Its highly important effect would, 
however, be reflected in the value of the a constant of the regression 
equation, which is a measure of the general level of magnitude of flood 
peaks. All other things being equal, the a in an equation for an arid 
region would be lower than the a for a humid region. The intensity 
factor, /, in the regression equation expresses the effect of the differ 
ences in intensity within New England rather than the general effect 
of intensity on peak discharge.

COEFFICIENT, /, FOB TEMPERATURE

The coefficient, /, for temperature (degrees below freezing) is posi 
tive throughout, as would be expected, and its value ranges from 0.35 
to 0.77 (all significant variables considered). The reduction in stand 
ard error ranges from 0.9 to 3.8 percent (disregarding 300-yr results). 
As with the rainfall intensity variable, /, the chief value of the tem 
perature variable is that it accounts for geographical variation. If 
temperature is omitted, the pattern of residual errors is no longer 
random, even though the standard error is only slightly higher than 
when temperature is included. This pattern can be seen in figure 5, 
which depicts the regional errors prior to the use of temperature.
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It is evident that regional errors as large as 50 percent of the true 
values are present if temperature is not used.

COEFFICIENT, g, FOB OBO GRAPHIC FACTOR

The coefficient, g, for the orographic factor, 0, ranges from 0.79 to 
1.56 (all significant variables considered). The coefficient increases 
with recurrence interval, as does the percent reduction in standard 
error due to 0, the orographic factor. The percentage improve 
ment due to 0 ranges from 5.2 to 18.6 percent. For recurrence in 
tervals up to 50 years, main-channel slope, S, remains the most 
important variable next to drainage area. Above 50 years, 0 produces 
more reduction in the standard error than does S (slope).

DEFINITION OF OROGRAPHIC FACTOR

The orographic factor, as any other mapped factor, must be defined 
by the data at hand. In addition to the residuals, which represent 
the integrated effect shown by peak discharge records, topography 
might be used if its effect were known. Some stations in other parts 
of New England, such as the east slopes of the White Mountain Range 
in the northern sector, seem to show isolated orographic effect. How 
ever, individual stations have not been used to define contours of 
orographic effect. In mapping a factor such as this, a serious question 
arises as to the degree of smoothing which should be done. The 
local differences may be due entirely to chance variation in storm 
experience or they may represent the effect of physical conditions 
that will persist. Statistically, the answer is indeterminate because 
of insufficient data, and individual judgment can therefore be the only 
guide. The goal is the establishment of relations that will be the best 
representation of future events. It would be possible to decrease the 
apparent standard error appreciably by using geographical contours 
that follow the local differences in more detail. The same effect 
would be produced by using rainfall factors such as intensity, based 
on local experience rather than generalized mapped results. In 
either case the resulting relations would be a better fit with the past 
but probably a poorer representation of the future.

STANDARD ERROR OF RESULTS

The standard error of estimate, here referred to as standard error, 
represents the spread in a set of data derived from past experience. 
It may also be taken to represent the expected spread (for a specified 
confidence level) in a similar set of data to be collected in the future, 
provided that both past and future sets can be expected to be homo 
geneous samples. There is some question as to whether annual peak 
discharges are wholly random events. (See section on "Relation of
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period of record to flood-frequency findings.") If they are not, 
though the relative effects of the independent variables may be well 
defined, the general level of the flood peaks may not be as reliable 
as is indicated by the computed standard errors. Even though the 
sample is a random one, the interdependence of flood-peak data (see 
Benson, 1962) may diminish considerably the predictive value of 
flood-frequency relations.

Subject to the considerations in the preceding paragraph, the final 
computed standard errors range from 24.4 to 32.8 percent, from the 
low to the high recurrence intervals. Because of the interdependence 
of peak-discharge data these are a measure of the expected dispersion of 
peaks of the given magnitudes, without relation to the recurrence inter 
vals assigned to them. If the distribution of flood peaks were normal, 
68 percent or about two-thirds of the predictions would be expected to 
lie within these limits. Because the distribution of flood peaks is not 
entirely normal, these figures are only approximate. The percentages 
given are actually the averages of the plus and minus percentages 
computed from the standard errors in log units. (One log unit equals 
one log cycle, and a decimal part of a log unit is that same decimal part 
of the linear distance representing one log cycle.) Thus, an average 
standard error of 24.4 percent represents a deviation of 27.3 percent on 
the plus side and 21.5 percent on the minus side.

Possibly there are significant variables not yet evaluated, such as 
cover, channel geometry, bed roughness, soils, and geology which 
might reduce the standard errors.

Another reason for the remaining error may lie in the inexactness or 
error in the values of the variables used. Some of the error lies un 
doubtedly in the peak-flow data, because the fixing of exact values for 
individual T-year flood peaks is subject to some variation. (We must 
assume that the average values based on our experience represent the 
true population values.) However, most of the residual error is be 
lieved due to the chance variability of storm occurrence. Even if 
300 years of annual peak discharges were completly defined, there still 
would be considerable local variation in flood experience. Exami 
nation of maps showing individual values of precipitation variables of 
all kinds shows erratic local variation, much of which is due not to local 
characteristics of terrain but to the randomness of this phenomenon. 
This results in a scattering of data that cannot be explained by other 
variables but must be averaged, with resulting residual errors in the 
individual values. The same type of scattering will happen in the 
future as in the past, so that averaged values for predicted peak dis 
charges are the best that can be hoped for.

In summary, it is believed that, considering the many factors 
affecting peak discharge that have been tested, the nost important of
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them have been recognized. Further variables may or may not 
improve the average relations by small amounts. Most of the re 
sidual error is believed due to the inescapable random variation in 
storm occurrence. It is still possible that some factor not included, 
which has an extreme condition within a basin, may influence the peak 
discharges within that basin inordinately.

LIMITS OP APPLICATION OP FORMULAS

Multiple-correlation equations such as developed in this paper have 
limitations based on the data from which they were derived. For 
example, as derived they define unregulated discharges. They are 
applicable only to basins having less than 4.5 million cubic feet (103 
acre-feet) of usable storage per square mile and would not apply in any 
case to a location just below a reservoir of any size, even though the 
unit storage were less than that specified.

The equations apply, of course, only in New England. The range 
in the recurrence intervals of the peak discharges used as the dependent 
variables is from 1.2 to 300 years. Within Maine, no peak discharges 
were available for recurrence intervals of more than 200 years and only 
4 stations were defined for intervals of more than 100 years. Use of 
the formulas to compute the rare floods in Maine would mear assuming 
that the same general relations exist there as in the remainder of New 
England. The 300-year flood has been defined for only 22 stations 
throughout New England, so that the equation defining it would be 
necessarily less reliable than equations for lesser floods. For this 
reason, the modified formula (see table 4) is considered a better rep 
resentation of relations for the 300-year flood.

The drainage areas ranged between 1.64 and 9,661 square miles. 
The upper end of the possible range in this variable is well defined for 
New England. At the lower end, only 13 stations with less than 25 
square miles, including 3 with less than 10 square miles, were available. 
None of these small-area stations were located in Maine. Residual 
errors for areas less than 25 square miles are randomly distributed, 
which is an indication that the same basic relations exist within the 
lower part of the range sampled. Yet the formulas are poorly defined 
below 10 square miles.

The range of main-channel slopes sampled was between 2.50 and 
187 feet per mile. The range in the storage factor was from 0.50 (no 
storage) to 6.69 (6.19+0.50) percent. The values of mean January 
temperature covered the complete range of those found in New 
England.

STUDY OP SIMILAR RELATIONS IN OTHER REGIONS

Are the relations found for New England to be expected in other 
regions? This cannot be predicted, and only future studies using
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comparable methods will reveal the generality and usefulness of the 
relations elsewhere. New England is to some extent representative 
of the humid regions of the United States, which consists of the eastern 
half (roughly east of the 101st meridian) and the coastal parts of 
Washington, Oregon, and northern California. If a wide-scale study 
is made to define flood-frequency relations anywhere in the humid 
region, the basic approach used in this study would seem to be useful, 
at least as the initial procedure. If this is inadequate, modifications 
may be made as necessary because of conditions differing from those 
in the New England area.

The principal features of such a study would be:
1. Definition of peak discharges for individual stations only as high as 

defined by the length of record plus any historical information.
2. Use of multiple-correlation methods defining the peak discharges 

at various levels.
3. Use of the main-channel slope factor as defined during the course 

of this investigation.
4. Use of the storage factor as defined in this study.
5. Use of either separate meteorological variables or a composite geo 

graphical factor.
The type of analysis does not preclude the use of physiographic and 

meteorologic factors other than those used or recognized in this study.
In the semiarid or arid regions, the same basic approach may be 

useful and at least merits a trial. Such regions may be found deficient 
in peak discharge data, in precipitation data, and in physiographic data 
because of the lack of maps. These deficiencies may be a deterrent 
in developing satisfactory flood-frequency relations.

RELATION OF PERIOD OF RECORD TO FLOOD-FREQUENCY
FINDINGS

In New England, considerable uncertainty as to both flood-frequency 
methods and predictions of future flood occurrence has been engendered 
because of the apparently extreme high flood experience there during 
the past 30 or 40 years. Flood-frequency characteristics based on 53 
years of recent streamflow records differ considerably from character 
istics based on data incorporating the historical flood experience of the 
past 300 years with the recent records. Discharge-frequency curves 
for the short period are steeper than those for the long period. The 
same tendency has been found for frequencies of maximum annual 
1-day and 2-day precipitation as for discharge frequencies, based on 
the longest precipitation records in New England. Engineering de 
sign based only on the recent period would have to consider higher 
flood peaks and would be much costlier.
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It is very pertinent, therefore, to ask whether or not the recent 
period of high flood activity represents a tendency that may be ex 
pected to persist in the future. A positive answer to this effect has 
not been given by climatologists or meteorologists.

The other alternative to be considered is that floods, like other 
natural phenomena that have been studied (as evidenced by tree rings 
and glacial geology) show both long-term and short-term variations in 
time. Large-scale climatic factors may now be in a stage of rapid 
change. Yet, even the tossing of a coin will result in apparent trends 
and persistence within short segments of a long series. The 300-year 
historical period in New England contains all the known experience 
of floods there and comprises periods of low as well as high flood 
activity. If we look at the overall picture, the recent period appears 
to be only one of a succession of high-flood periods within the 300-year 
span, even though it may be the highest of these. Both statistical 
logic and hydrologic experience indicate that different 50-year periods 
may vary widely from the long-time average occurrences. In the 
absence of any definite proof that the recent period of high floods 
represents a climatic shift that will continue in the near future, it 
seems advisable to conclude that flood-frequency relations based on 
the sum total of flood experience represent the most efficient use of 
the available information and are the best augury for future events.

SIMPLIFICATION OF RESULTS

The regression coefficients (b through g) in the flood formulas are 
shown to four figures to the right of the decimal point in table 3, 
although such precision is not warranted. This table permits exam 
ination of the trends as the recurrence interval changes or as variables 
are added or deleted. Statistical tests show that the general trends 
in the values of each coefficient are not random but are significant at 
the 5 percent level or less for all variables except storage, St. How 
ever, simplified values that vary consistently as indicated by the curves 
of figure 9 would represent the relations more realistically. Such values 
are shown in table 4 for the relations that include all the variables. 
The a coefficients were recomputed using the simplified coefficients 
of the independent variables and the average values of each of the 
variables including Q; the resulting equations could then be considered 
as balanced.

The values of the coefficients in table 4 are only slightly different 
from those in table 3 except at 30Q years, where the formula is based 
on only 22 items. The originally computed coefficients and the 
standard error for 300 years were somewhat inconsistent with trends 
shown at shorter recurrence intervals. The standard errors of the 
simplified formulas are virtually unchanged from the original stand-
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ard error of table 3 except at 300 years, where there is an 8 percent 
increase. However, the revised formula for 300 years is preferable 
to the original because the simplified coefficients and the resulting 
standard error are consistent with those for the other formulas.

COMPUTATION OF INDEPENDENT VARIABLES

The previous descriptions of the topographic and climatic variables 
that were investigated for their effect on flood peaks did not describe 
the exact methods of determining the variables. As the reader may be 
interested in the details of these procedures, the following summary is 
presented of methods used in this study to obtain the values of the 
factors that were found to influence flood frequency in New England:
1. The drainage areas in square miles above the gaging station sites 

were already available in published Survey reports. The most 
recent of such figures were used.

2. Within each basin, the main channel was outlined on a topographic 
map. Upstream from each junction point, the main channel 
was chosen as the stream that drains the most area. The main 
channel was continued to the ridge beyond the upstream end of 
the blue line on the map by drawing the flow lines indicated by 
contours. The total length was measured by using dividers set 
to one-tenth of a mile, the points 85 and 10 percent of the total 
length above the gaging station were located, and the elevations 
at these points were determined. The main-channel slope was 
computed as the difference in elevation in feet divided by the 
length in miles between the two points.

3. The surface area (sq mi) in lakes and ponds was measured. This was 
done by planimetering or more simply and just as accurately by 
using a transparent grid with squares equal to 0.04 or 0.01 square 
mile (depending on the size of ponds). The grid was laid over 
the water area on the map and the squares and part squares 
(estimated in tenths) were counted. More simply, if the area 
was large enough (at least 30 squares) the number of grid 
intersections within the area was counted. The area in all such 
ponds was summed and expressed as a percentage of the total 
drainage area. This percentage was then increased by 0.5 per 
cent to obtain the storage index, St, that was used.

4. The T-year 24-hour rainfall intensity, in inches, was computed by 
using U.S. Weather Bureau Technical Paper 29, part 4 (1959). 
The 2-year and 100-year values were first obtained from the maps 
supplied in that publication (figs. 2-4 and 2-7) and the T-year 
point rainfall intensity then either interpolated or extrapolated 
from the diagram provided for that purpose (fig. 1-2). Ad 
justment was then made by means of a further graph (fig. 1-3)
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from point rainfall intensity to that for the drainage area above 
the design site. A different value was determined for each recur 
rence interval for which the peak discharge was computed.

5. The average January temperature, in degrees Fahrenheit, for the 
drainage basin was obtained from figure 4. The value chosen 
was the average over the basin rather than that at the design 
site. This temperature was then subtracted from 32 to obtain 
the number of degrees below freezing (with a minimum value of 1), 
which is the temperature index, t, that was used.

6. The orographic factor, 0, was obtained from the map of plate 1. 
The value w&s chosen as the average over the basin rather than 
that at the design site.
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